Management recommendations for differentiated thyroid cancer are evolving. Total thyroidectomy is the backbone of curative-intent therapy, with radioiodine ablation (RAI) of the thyroid remnant routinely performed, in order to facilitate serologic surveillance and reduce recurrence risk. Several single-institution series have identified patient subsets for whom recurrence risk is sufficiently low that RAI may not be indicated. Further, the appropriate dose of RAI specific to variable clinicopathologic presentations remains poorly defined. While recent randomized trials demonstrated equivalent thyroid remnant ablation rates between low-and highdose RAI, long-term oncologic endpoints remain unreported. While RAI may be employed to facilitate surveillance following total thyroidectomy, cancer recurrence risk reduction is not demonstrated in favorable-risk patients with tumor size ≤1 cm without high-risk pathologic features. When RAI is indicated, in patients without macroscopic residual disease or metastasis, the evidence suggests that the rate of successful remnant ablation following total thyroidectomy is equivalent between doses of 30-50 mCi and doses ≥100 mCi, with fewer acute side effects; however, in the setting of subtotal thyroidectomy or when preablation diagnostic scan uptake is >2%, higher doses are associated with improved ablation rates. Historical series demonstrate conflicting findings of long-term cancer control rates between dose levels; long-term results from modern series have yet to be reported. For high-risk patients, including those with positive surgical margins, gross extrathyroidal extension, lymph node involvement, subtotal thyroidectomy, or >5% uptake, higher-dose RAI therapy appears to provide superior rates of ablation and cancer control.
Introduction
Thyroid cancer is the most frequently occurring endocrine cancer, with an increasing incidence noted in the US over the past 15 years [1] . Papillary and follicular histologic subtypes, known as "differentiated thyroid cancers", account for the majority of these cases, and are generally associated with an excellent prognosis (>95% 10-year sur-vival) [2, 3] . Total thyroidectomy, removing both lobes and the isthmus (plus the pyramidal lobe, if present), is considered the mainstay of curative-intent therapy, though in selected lower-risk cases, subtotal thyroidectomy or ultrasound-based surveillance may be considered [4] [5] [6] .
When total thyroidectomy is performed, many patients with differentiated thyroid cancer are treated with postoperative radioiodine therapy (RAI) to ablate residual thyroid tissue and, in intermediate-to high-risk cases, to postoperatively (adjuvantly) treat occult foci of cancer in the surgical bed and elsewhere (for the purposes of this review, we will employ the term "ablation" in relation to any postthyroidectomy use of RAI, with remnant ablation and cancer control objectives discussed in separate sections). Following an iodine restriction period of 1-2 weeks, during which a patient's dietary and other exogenous iodine exposure is minimized, 131 I (RAI) is administered orally. RAI treatment is performed 1-6 months following thyroidectomy while patients are significantly hypothyroid (optimal thyroid-stimulating hormone, TSH, >30 mIU/L) or iatrogenically stimulated (with recombinant human TSH, rhTSH), in order to deliver a targeted ablative dose to any remnant thyroid tissue within the thyroid bed and/or elsewhere (e.g., thyroglossal duct tract and/or metastatic foci). The objectives of RAI ablation are 2-fold: 1. to reduce the probability of cancer recurrence in atrisk patients, and 2. to facilitate serologic surveillance via thyroglobulin (Tg). However, as with any form of ionizing radiation, RAI has potential short-term morbidity and late adverse effects, for which risk minimization should be adopted when safe and feasible.
At present, there is a lack of consensus regarding which specific patient subsets benefit from the recurrence risk reduction goal of RAI. Further, there is uncertainty regarding which dose of RAI therapy is appropriate for specific clinicopathologic presentations. While several single-institution series have identified patient subsets for whom the recurrence risk is sufficiently low that RAI may not be indicated [7, 8] , and recent phase III trials have demonstrated equivalent rates of thyroid remnant ablation with 30 versus 100 mCi doses of RAI [9, 10] , practice patterns remain highly variable by individual practitioner [11] . The present review critically appraises the current evidence concerning RAI utilization and, in particular, the dose for thyroid remnant ablation following total thyroidectomy.
Discussion

Radioiodine Ablation versus Surveillance Only
Following surgical therapy for differentiated thyroid cancer, clinicians and patients must determine whether RAI remnant ablation is indicated. This decision is difficult for several reasons. First, recurrence rates and causespecific mortality for differentiated thyroid cancer are very low, at 14 and 5% over 25 years, respectively [3] . Second, most patients present with small, localized disease, with approximately 80% presenting with intrathyroid, node-negative disease, three-quarters of whom have tumor size of 2 cm or smaller [3] . Third, the short-and longterm effects of RAI therapy are being increasingly recognized, the importance of which is magnified by the increasing number of younger age patients with small tumors (and associated low risk of recurrence).
Presently, there are no randomized trials evaluating the efficacy of surgery followed by RAI therapy compared with surgery alone. However, this question has been evaluated through surveillance series, including several large multi-institutional series and many singleinstitution experiences [7, [12] [13] [14] [15] [16] [17] [18] (Table 1) . A large combination registry series from the US Air Force Registry and the Ohio State University demonstrated reductions in both 15-year recurrence (38 vs. 16%) and mortality (8 vs. 3%) with postoperative RAI compared with surveillance [14] . However, as noted by subsequent investigators [19] , these rates were felt to be higher than those reported elsewhere, possibly due to the extent of surgical resection [20, 21] . Supporting this, a large case series from the Mayo Clinic found no survival or recurrencefree survival benefit with RAI therapy [3] , but noted a much lower recurrence rate for patients managed with thyroidectomy alone (8-13% at 20 years) than that observed in the Air Force Registry series. Certainly, institutional and selection biases for RAI treatment in these retrospectively evaluated populations explain some of the differences, but this comparison accurately characterizes the challenges clinicians face in interpreting the available mature outcomes data.
As summarized in Table 1 , the large historical series demonstrate a variable impact of RAI on cancer recurrence and mortality. The differences are largely explained by variations in patient demographics, preoperative imaging work-up, evolution in surgical techniques and extent of resection, tumor-specific factors (e.g., stage), variable timing and dose of RAI, and use of posttreatment thyrotropin suppression. This is supported by outcomes reported from the National Thyroid Cancer Treatment Cooperative Study Registry (NTCTCSR), which demonstrated significant improvements in cancer control and mortality between postthyroidectomy RAI and thyroidectomy alone for stage II-IV patients, but not for stage I patients (defined by registry-specific classification as age <45 and tumor ≤4 cm) [7] .
In the most comprehensive report to date, a metaanalysis of 9 postthyroidectomy RAI versus observation studies published through 2002 was performed [2] . The findings were mixed, with 4 large series demonstrating a lower recurrence rate for RAI-treated patients, while 6 others showed no difference in recurrence. The authors felt that this might be attributable to variations in study design between trials (e.g., endpoint assessment) and patient demographics (i.e., baseline recurrence risk). Thus, no definitive recommendation regarding the routine use of postsurgical RAI was made.
Two recent literature reviews have analyzed the conflicting data and provided limited guidance for the prudent use of postthyroidectomy RAI therapy [22, 23] . The authors of the 2 reviews agree that:
• RAI is not indicated for cancer recurrence risk reduction in the case of tumors of <1 cm maximal dimension with the absence of extrathyroidal extension (<T3) without high-risk clinicopathologic features (e.g., lymphovascular invasion, positive margin), and • RAI is indicated in the case of distant metastasis or gross extrathyroidal extension (T4). However, the guidelines differ in the assessment of completeness of tumor resection and the definition of patient risk stratification. Further illustrating the limitations of the available data in recommending RAI (and dose selection), Pacini et al. [22] identified an intermediate risk subset as candidates for "probable" RAI therapy, suggesting dose options of 30 or 100 mCi. While a randomized trial of postthyroidectomy RAI versus observation in low-risk thyroid cancer is presently underway in the UK ("IoN"; NCT01398085), long-term (>10 years) follow-up will be required before any difference in cancer recurrence rate and/or survival can be expected (or equivalence declared).
Dose Selection: Dosimetric Calculation versus Fixed Dose (Empiric)
The American Thyroid Association (ATA) guidelines state the minimum RAI activity necessary to achieve successful remnant ablation should be utilized, particularly for low-risk patients [4] . There are 2 approaches to RAI dose prescription: dosimetrically calculated and fixed dose (empiric). In common practice, dosimetric methods are typically reserved for complex clinical situations, such as patients with renal insufficiency [24] , children [25] , the elderly [26] , and patients with extensive pulmonary metastasis [4] . While small series have suggested favorable outcomes for dosimetrically determined RAI administration in the context of metastatic disease [27, 28] , this has not been demonstrated in the nonmetastatic postthyroidectomy setting most representative of the vast majority of contemporary thyroid cancer presentations. Further, fixed-dose RAI regimens are easier and safer to implement clinically, and are more commonly employed, with nearly all prospective RAI remnant ablation series employing this approach. Thus, the remainder of this review will focus on comparisons of fixed-dose regimens of RAI.
Dose Efficacy: Remnant Ablation
Once the decision has been made to proceed with RAI for thyroid remnant ablation, the appropriate dose of therapy must be chosen. Nearly all contemporary comparison prospective randomized trials in the nonmetastatic setting have employed doses between 30 mCi (1.1 GBq) and 100 mCi (3.7 GBq) ( Table 2) . Two large multiinstitutional randomized trials have been recently reported, enrolling patients with stage T1 to T3 primary tumors, with or without regional lymph node involvement, and without distant metastasis [9, 10] . The patient populations in these trials were generally low-risk, with high proportions of females, young patients, and smaller tumors. Both studies found that 30 and 100 mCi produced equivalent ablation rates (85-90%, employing Tg <1-2 ng/mL and either negative ultrasound or total body scan uptake <0.1%, measured at 6-10 months post-RAI). A recent 5-year outcome update of one of these trials (the French ESTIMABL-1) demonstrated no difference in long-term ablation rates or retreatment rates [29] . Further, in the 631 patients with complete ablation at 8 months, only 17 had abnormalities during subsequent follow-up, of whom 2 had lymph node recurrence (the remaining 15 were without evidence of disease, without intervention).
A smaller Finnish trial compared the same doses and also demonstrated equivalent ablation rates, albeit much lower (52-56%) than those described in the above trials [30] . In contrast to this, a large Polish randomized trial comparing 30 versus 60 mCi for low-risk and 60 versus 100 mCi for high-risk patients demonstrated a significantly higher retreatment rate for the group taking 30 mCi (22%) compared with the others (13 and 11%, respectively; p < 0.001) [31, 32] . Similar inferior outcomes for lower-dose groups were reported in Middle Eastern and Asian trials as well [33] [34] [35] [36] . Differences in surgical technique (and thus residual thyroid remnant volume) and adherence to a low-iodine diet were potential factors contributing to inconsistent results. Relating to the former, a Brazilian randomized trial compared 30 versus 100 mCi, and in reporting outcomes by residual neck uptake, the rate of successful ablation was 90 versus 92% (p = 0.95), respectively, for uptake <2% [37] . The differences were more apparent at higher levels of uptake (65 vs. 87% for 2-5% uptake, and 47 vs. 70% for >5% uptake), though these did not reach statistical significance. Other investigators have reported similar findings [33] .
While several observational series have also been reported [14, [38] [39] [40] [41] [42] [43] , these have been generally less likely to detect a difference between groups. In at least 1 case, the lower dose demonstrated superior ablation rates [39] ; however, this is almost certainly due to selection bias, with higher-risk cases more likely to receive higher-dose RAI. When appropriately matched by risk level, the ablation rates appear similar [41] , with 1 study favoring higher-dose RAI [43] . Thus, it would seem that a higher burden of residual thyroid tissue is sufficient to warrant the higher dose of RAI for successful remnant ablation.
Dose Efficacy: Cancer Control
While the 2 recent large randomized trials have thus far reported only rates of remnant ablation [9, 10] , preliminary findings from the ESTIMABL-1 trial update suggest low rates of recurrence and no cancer-specific mortality at 5 years, independent of RAI dose (30 vs. 100 mCi) [29] . Further, several smaller trials also have sufficient follow-up to report cancer control outcomes. The Finnish trial reported by Maenpaa et al. [30] did not demonstrate a difference in cancer recurrence at a median fol-Eur Thyroid J 2017;6:187-196 DOI: 10.1159/000468927 Both ablation and recurrence rates favor low dose, primarily owing to higher-stage tumors (pT3 and pN1-2) in the high-dose group. For recurrence, rates were 2.6 vs. 7.5% for low-vs. high-dose; however, this was not statistically significantly associated with recurrence upon multivariable analysis, following corrections for stage. Reported by various risk-based subgroups, not reported for population as a whole.
f Expressed as 10-year estimates for disease control, only for patients able to achieve ablation (82-85% of LR, age <45 years; 78-81% of LR, age ≥45 years; 62-72% of HR, no DM). low-up of 51 months (16% for 30 mCi vs. 18% for 100 mCi; p = nonsignificant). Similarly, the Polish randomized trial reported by Kukulska et al. [31, 32] did not identify differences in local recurrence at a median follow-up of 10 years (2, 3, and 3% for 30, 60, and 100 mCi, respectively; p = nonsignificant). The observational series, while suffering from the aforementioned treatment group imbalances, do provide the opportunity for long-term outcome reporting; however, no differences in outcome have been recognized [14, 39, 42, 43] , excepting 1 study demonstrating superior cancer control for the low-dose group [40] . The remaining data rely upon the predictive value of Tg measurements 6-12 months after remnant ablation as a correlate for subsequent cancer control, for which there is some supportive evidence [44] [45] [46] [47] [48] . Pacini et al. [48] found that rhTSH-stimulated Tg values alone have a sensitivity of 85% for disease recurrence detection at 2 years (median population follow-up of 21.5 months), rising to 96.3% when combined with neck ultrasound, with a combined negative predictive value of 99.5%. For long-term outcomes, there are limited data linking the success of initial remnant ablation. Further, when retreatment of residual post-RAI remnant is required, cancer control rates still appear favorable [31] . One cohort study of 208 patients found that an initial postablative stimulated Tg of <10 ng/mL performed at 6-12 months post-RAI was associated with disease-free survival of 97% at 4 years [49] . While this threshold is more liberal than the ATA Guidelines' concern for a postablative stimulated Tg level >2 ng/mL [4] , the principle holds that lower residual Tg levels are associated with superior disease control outcomes. Overall, these data suggest that short-term indicators of successful remnant ablation may be indicative of subsequent cancer control, though more robust datasets with longer follow-up are necessary to validate this.
Dose Toxicity: Adverse Effects
The most reliable data concerning acute effects of RAI originate from the major, multi-institutional randomized trials [9, 10] , which systematically collected acute toxicity data as a secondary endpoint, employing an internationally accepted, standardized quality-of-life scale [50] . Higher rates of nausea, neck pain, lacrimal gland dysfunction, salivary gland dysfunction, and altered taste were described for 100 mCi compared with 30 mCi (Table  3) . Further, patients treated with 100 mCi also had a longer average hospital stay than patients treated with 30 mCi, though variable institutional regulations regarding post-RAI discharge is a probable confounding variable.
The long-term toxicities of RAI include secondary primary malignancy (SPM) [51] [52] [53] [54] [55] [56] [57] , sialoadenitis [58] , nasolacrimal duct obstruction [59] , and infertility [60] . The increased risk of primary malignancy in thyroid cancer survivors compared to the general population is well documented [51] [52] [53] [54] [55] [56] [57] . While potential genetic predisposition and environmental factors associated with the development of primary thyroid cancer are confounders, some evidence suggests that there may be a differential increase in risk of SPM observed in RAI-treated versus RAI-untreated thyroid cancer patients [51] [52] [53] . Illustrative of this, 3 studies have demonstrated an increased risk of hematologic malignancies for thyroid cancer patients treated with RAI versus no RAI [51] [52] [53] , while 1 study did not [54] . The investigations which found an increased risk of SPM for RAI included patients who received RAI exceeding 100 mCi, if the dose was specifically recorded at all. How these data may be applied to lower-risk postthyroidectomy patients receiving low-to moderate-dose RAI remains to be determined. Longterm follow-up of cohorts treated with 30 and 100 mCi doses of RAI will be necessary to determine absolute and differential risk. However, for doses greater than 100 mCi the risk of SPM should be considered carefully in treatment decisions.
RAI therapy also increases the risk of long-term sialoadenitis and nasolacrimal duct obstruction [58, 59] . This evidence is based upon the administration of high single or cumulative doses (>100 mCi) of RAI therapy in retrospective cohort studies, and high-quality evidence regarding this risk in the context of lower doses (30-100 mCi) is lacking at this time.
Infertility and reproductive complications are another potential late consequence of RAI. An age-specific (35-39 years) subset of women who receive RAI therapy have a decreased birth rate compared with women who do not receive RAI therapy [60] . Further, RAI-treated women of all ages demonstrated a delay to first live birth (compared with non-RAI-treated female thyroid cancer patients); however, whether these findings are the result of physician recommendation to delay pregnancy, an impact of RAI therapy on reproductive choice, or an actual biologic mechanism is not clear.
Reproductive toxicities in males include a transient increase in serum FSH and a reduction in sperm motility [61, 62] . Temporary azoospermia has also been documented during the course of remnant ablation with doses of 100 and 150 mCi of RAI therapy [63] . However, the evidence suggests that the effects of RAI-induced azoospermia may not be irreversible. One study of 78 men who had received cumulative RAI doses of 81-1,359 mCi found no evidence of long-term infertility at a median follow-up of 21 years [64] . The same study also found no evidence of increased risk for birth defects. Thus, for males, there is no compelling evidence to suggest long-term reproductive effects, even at high RAI doses.
Conclusions
The management of differentiated thyroid cancer is rapidly evolving as new data become available. Several single-institution studies suggest that certain low-risk patients may not benefit from RAI therapy. The IoN trial, presently underway in the UK, should improve our understanding regarding which patient subsets may be safely managed with thyrotropin suppression alone (without RAI). When RAI is indicated for low-to moderate-risk patients, 2 recent large multi-institutional randomized trials demonstrated that 30 mCi yields similar high rates of thyroid remnant ablation at 6-9 months as 100 mCi, but with fewer acute side effects. In patients with subtotal thyroidectomy or uptake >2%, higher doses appear to achieve superior ablation rates after initial RAI. As longterm cancer control rates between dose levels remain uncertain, clinicians should discuss the risks and benefits of different doses with each patient, individualizing therapy based upon clinicopathologic features and patient concerns. For high-risk patients, including those with positive surgical margins, gross extrathyroidal extension, lymph node involvement, subtotal thyroidectomy, or >5% uptake, higher-dose RAI therapy appears to provide superior rates of ablation and cancer control.
